Abstract: In this paper, nearly degenerate four-wave mixing created by pump-probe structure with small frequency spacing and enough high power is demonstrated and discussed by introducing single optical beam into single-mode Fabry-Pérot laser diode, in which the injected beam is called the probe wave, whose frequency detuning is controlled within ±50 GHz, and lasing resonance mode such as dominant mode or arbitrarily residual side mode is selected as the pump wave. In the case of dominant mode like the pump wave, conjugate signals around the pump-probe wave are easily observed for positive and negative probe detuning by judiciously tuning injected probe power. While external injection mode is moved towards the side mode selected as the pump wave, newly generated signals only occurred with small positive probe detuning. As the probe wave with positive frequency detuning is close to the pump wave, higher order conjugate signals are gradually grown. Under the condition of side mode as the pump wave, the strongly nonlinear mixing of the pump-probe wave also gives rise to new frequency signals on both sides of the dominant mode with enough high peak level. Against the change of correspondingly initial power and frequency detuning of the probe wave, outcome spectrum, output power, and conversion efficiency of conjugate signals are analyzed in detail, while dominant or one side mode is, respectively, selected as the pump wave.
Introduction
Over the past few decades, four-wave mixing (FWM) as an important nonlinear process has been attracted intensive attention in various optical materials [1] - [6] and are successfully applied in various all-optical functions such as wavelength conversion [7] , [8] , switching [9] , parametric oscillator [10] , logic gate [11] , [12] , sensor [13] , modulation [14] , and other technologies [15] - [18] , owing to its significant advantages such as high operation speed, broadly tunable range, multiple signal conversion, and transparent operation.
As compared to other medias, semiconductor that has high nonlinear effects and potentially compact scale has been extensively adopted to present some optical devices including lasers [19] , [20] , waveguides [21] , [22] , and amplifiers [23] , [24] , in which strong nonlinear FWM phenomenon can be observed by judiciously adjusting powers and wavelengths of external injection beams. In general, based on different beat frequencies between two injected beams, both highly non-degenerate and nearly degenerate FWM are demonstrated and discussed in previously semiconductor based reports, and have some advanced applications for all-optical signal processing techniques such as mode-selective wavelength conversion, microwave and millimeter wave generation given in recent demonstrations [25] , [26] . Undoubtedly, various semiconductor lasers in the semiconductor family play prominent roles for achieving four-wave mixing related technologies, which bring some significant applications and strongly competitive abilities in recent years. Even so, the presented semiconductor lasers such as quantum-dot laser and multimode laser have some strict limitations including high cost, or low side-mode suppression ratio (SMSR). Therefore, to overcome these disadvantage factors of some semiconductor lasers, a novel single-mode Fabry-Pérot laser diode (SMFP-LD) that has some prominent properties including simple structure, broadly tunable range, high SMSR, cost effective, self-locking resulting from its special structure is presented and demonstrated in recent years. SMFP-LD is fabricated by using the well-known multimode quantum well semiconductor laser with a built-in external cavity [27] , and has more compact scale compared to other wavelength selectable laser with external cavity feedback [28] . Through a great deal of experimental investigations, one can find that SMFP-LD exhibits attractive characteristics in wavelength conversion [29] , modulation [30] , logic gate [31] , photonic generation [32] , and optical memory [33] by means of external optical injection or feedback beam. In recent research, the highly nondegenerate FWM phenomenon in SMFP-LD was reported by using two external injection beams, and takes on some interesting behaviors owing to special design structure of laser [34] . In the case of highly nondegenerate FWM, all of lasing resonance modes including dominant and side modes should be thoroughly suppressed by the external injection modes in order to suppress noise and clearly display newly generated conjugate signals.
In order to further explore the FWM effect in SMFP-LD, the nearly degenerate FWM process is presented and researched in this work, in which an external injection mode as the probe wave combined with dominant mode or side mode as pump wave gives rise to nearly degenerate FWM interaction. Compared to the case of highly nondegenerate FWM with up to 100 GHz pump-probe detuning, the frequency interval between pump and probe waves for nearly degenerate FWM ranges from a few GHz to several tens of GHz so that powers of conjugate signals are significantly enhanced, and cascade FWM interactions are easily observed owing to enhanced wave mixing process. In reality, nearly degenerate FWM has already mentioned by using other semiconductor laser [26] , [35] , [36] , and amplifier [37] subject to external injection beams. Generally, more complicated structures are requested to perform the nearly degenerated FWM process in previous reports. Nevertheless, it is surprising that nearly degenerate FWM process given in this study can be easily achieved by only injecting an external injection mode into SMFP-LD so that the experimental setup is simplified, and both injection and side modes can also produce effectively FWM interaction. The achieved output power and conversion efficiency (CE) for generated FWM-signals are strongly dependent on injection power and frequency detuning of probe wave. Through this work, one can believe that SMFP-LD based nearly degenerate FWM will open up some potential applications such as optical sensor, low frequency microwave, and millimeter wave signal generation, which will be demonstrated in future investigations. Fig. 1 shows the schematic diagram of experimental setup to perform nearly degenerate FWM process. By adjusting the bias current and operation temperature of SMFP-LD, it can emit single mode optical spectrum, in which the power of dominant mode is remarkably higher than those at other residual side modes. So, the resulted output spectrum has as high as over 30 dB SMSR and about 10 nm dynamically tunable range for wavelength of dominant mode by selecting various working currents and temperatures in active media. The details of SMFP-LD design can be known in [27] , in which more properties of output spectrum can be got.
Experimental Setup and Operation Principle
In experiment, the dominant mode or other arbitrarily side mode in the output spectrum of SMFP-LD is, respectively, selected as the pump wave during performing nearly degenerate FWM, in which the external continuous wave emitted by the external tunable laser (TL) is called as probe beam, whose injection power can be enhanced or decayed by flexibly controlling gain level of erbiumdoped fiber amplifier (EDFA). The polarization state of output beam from EDFA is tuned to TE wave same as dominant mode via polarization controller (PC) to guarantee effective FWM interaction. Here, PC can also suppress the noise created by EDFA. Then, the probe wave with TE state is divided into two branches by the 50/50 fiber directional coupler. Half port is connected to a power meter (PM) to indirectly monitor the injection power of SMFP-LD, whereas the remained half branch is injected into the SMFP-LD via the optical circulator with 3 dB loss. As a consequence, nearly degenerate FWM produced by nonlinear interaction of pump and probe waves in active media can be occurred by judiciously selecting input power and frequency detuning of injected probe wave. Here, the frequency detuning is defined as the frequency difference between frequency of injected wave (or frequencies of output spectrum) and frequency of the referred dominant mode or side mode in free-running spectrum from SMFP-LD. Positive (negative) probe detuning denotes that the frequency at probe mode is larger (smaller) than that of the corresponding pump mode, and can be slowly adjusted to observe nearly degenerate FWM interaction. Here, it should be pointed out that, while the frequency detuning of probe wave is held a very small constant, the frequency spacing of output pump-probe wave shown in OSA has fluctuation attributed to strong field interaction with respect to the changes of input power of probe wave. Here, the frequency spacing of both output pump and output probe waves is defined as pump-probe detuning whose value has some difference with the given probe detuning in the cases of very small intervals between pump and probe waves. On the other hand, one can also find in the experiment that the defined frequency detuning of probe wave is nearly equal to the frequency difference between output pump and probe waves for larger separations of pump-probe wave. Via circulator, the output spectrum from SMFP-LD can be captured by the optical spectrum analyzer (OSA), in which the beat frequency of output pump and probe waves, and peak power of each output signal can be directly measured. Based on injection power of probe wave and output powers of conjugate signals, FWM conversion efficiency for each new signal can be obtained by means of calculation, and is strongly related to the pump-probe detuning and injected probe power.
Results and Discussion
Four-wave mixing as a well-known nonlinear parametric process is driven by third-order nonlinear susceptibility χ (3) . Generally, five kinds of third-order nonlinear processes including carrier-density 
pulsation (CDP), spectral hold burning (SHB), carrier heating (CH), two-photon absorption (TPA), and the Kerr effect contribute to the four-wave interaction in semiconductor materials, in which the gain and refractive index of active region are modulated by the beat frequency of pump-probe wave, leading to moving gain and index gratings that will diffract the input fields to generate additional FWM-signals. However, in the case of less than 8 THz pump-probe detuning, influences of both TPA and Kerr effects on the FWM process can be ignored, i.e., CDP, SHB, and CH will, respectively, dominate the nonlinear parametric dynamic at different pump-probe detunings, in which, for less than 100 GHz detuning, both SHB and CH can be safely neglected, and only nonlinear interband process, CDP, plays an important role in nearly degenerate FWM within less than ±50 GHz probe detuning in the following discussion [38] , [39] . In the case of bias current of 28 mA and operation temperature of 24.2°C for SMFP-LD, the dominant mode of output free-running spectrum is locked at 194.387 THz frequency. Output spectra of nearly degenerate FWM with various pump-probe detunings are plotted in Fig. 2 , where the dominant mode denoted by A is selected as the pump wave, and the external injection mode with −6 dBm input power is called as the probe wave labeled as B that is gradually shifted from one side to another side of dominant mode. The horizontal axis denotes the frequency detuning between output spectrum and dominant mode of free-running spectrum. As indicated in these spectra, strong nearly degenerate FWM process is achieved for some special frequency detunings. Both of frequencies of pump and probe waves are given by f A and f B so as to the absolute pumpprobe detuning = |f A −f B |. The carrier density in active media is modulated by the beating of pump and probe fields at the beat frequency so that the dynamical gain and index gratings are formed in the gain region. And then, both pump and probe beams are, respectively, diffracted by the moving gratings to generate fundamental order conjugate signals at f A − , f A + , f B − and f B + frequencies [39] . In Fig. 2(a) , where the pump-probe detuning is 30 GHz, and seeable conjugate signal on OSA for pump (probe) wave is located at f A − (f B + ) frequency. As the corresponding pump-probe detuning is reduced to 19 GHz given in Fig. 2(b) , higher order FWM signals (L 2 and R 2 ) generated by nonlinear interaction of low order conjugate signals (L 1 and R 1 ) and pumpprobe beam are gradually grown. Owing to small detuning, the powers of signal L 1 and R 1 are significantly enhanced compared to the case of 30 GHz detuning. As such, the direct result of enhanced conjugate signal L 1 and R 1 is to induce the generation of higher order conjugate signal L 2 and R 2 [1] , [40] . In Fig. 2(c) with 7 GHz pump-probe detuning, it is difficult to distinguish newly generated signals, especially for higher order conjugate signals, and peak levels of signal L 1 and R 1 are further increased. Here, both of output peaks for pump and probe waves have almost equal levels due to their nonlinear overlapping. As can be seen in Fig. 2(d) , the pump-probe detuning is again extended to 21 GHz, in which, however, the probe wave is positioned on left side of pump beam, i.e., negative probe detuning. It is surprising that the pump mode is remarkably suppressed resulting from injection locking and strong free carrier absorption of probe beam, in which the injected probe with enough high power absorbs a great deal of free carrier of active region due to stimulated emission process so that the power at dominant mode is rapidly dropped as a result of the reduced free carrier density. Consequently, emission mode of output spectrum is shifted to injection mode. However, in Fig. 2(d) , the dominant mode still exhibits one peak with very low power value compared to that of injection mode, and isn't fully suppressed because the power of injection mode is not too high under the determined probe detuning condition, namely, the injection locking in SMFP-LD is directly dependent on the power and frequency detuning of injection mode. Therefore, it is easily understood that, by further increasing the injected probe power, the dominant mode can be thoroughly suppressed with the result that the emission mode is locked to probe frequency. Because of large power difference of pump and probe waves caused by too low pump power, the nonlinear FWM interaction is disappeared in Fig. 2(d) . Obviously, as the injected probe wave is far from the dominant mode so as to be outside injection locking range, the power of dominant mode again jumps back to comparable level to the case in free-running spectrum. This result is shown in Fig. 2(e) , in which the pump-probe detuning is increased to 28 GHz. As a consequence, the nearly degenerate FWM interaction is again displayed, resulting in generating newly conjugate signals L 1 and R 1 around the pump-probe beam. Here, it should be noted that, in the cases of positive probe detunings, e.g. in Fig. 2(b) and (c) with very small pump-probe detuning, the injected wave with properly high power can also make other side modes, except dominant mode, to be suppressed resulting from strongly stimulated emission of pump and probe waves. Additionally, through experiment in positive probe detuning, one can find that the other suppressed side modes have no any frequency shift that should be distinguished to the case of negative frequency detuning. These corresponding results aren't detailedly given in this study. But, one can find that the peak position of dominant mode has some shift because of strongly nonlinear interaction between pump and probe modes in the small pump-probe detunings, as shown in Fig. 2(b) and (c).
To more clearly characterize the output spectrum of nearly degenerate FWM, Fig. 3(a) -(c) with incident power set to −4.6 dBm plot, respectively, the outcome spectral evolutions, output powers, and conversion efficiencies with respect to the probe detuning, ranging from −50 GHz to 50 GHz. In Fig. 3(a) , one can see that the optical phenomena created by nonlinear interaction of pumpprobe beam are strongly dependent on probe detuning, in which, as it is shifted from ∼−25 GHz to ∼0 GHz, the primary dominant mode is disappeared as a result of the locking behavior caused by injected probe beam. This behavior can be explained that, while the probe wavelength is slightly longer than that of dominant mode, the refractive index of active region is increased due to the reduced free carrier density caused by the enhanced stimulation emission of probe wave. Hence, the enhanced refractive index leads to redshift of the corresponding lasing mode, and makes the output spectrum lock to probe wavelength. As a result, one cannot observe the FWM process, and output peak of probe wave can reach maximum power level shown in Fig. 3(b) . During ∼−25 GHz to −50 GHz probe detuning, the dominant mode is again occurred resulting in producing nearly degenerate FWM that is always occurred as the probe detuning is continuously changed from ∼0 GHz to 50 GHz. But, in the case of less than ∼20 GHz detuning, it is easy to achieve higher order conjugate signals on both sides of pump-probe wave. While the referred frequency detuning is extended to up to ∼20 GHz, only fundamental order FWM signals are generated. The obtained power for each conjugate signal clearly illustrated in Fig. 3(b) is gradually decayed with absolute probe detuning increase, and can reach maximum power level at about 5 GHz frequency detuning and is slightly dropped because of the enhanced stimulated emission for pump-probe beam at less than 5 GHz detuning, in which other higher order signals cannot be easily observed due to the combined limitations of lasing mode linewidth and OSA resolution. Therefore, while the probe detuning is varied from 5 GHz to 10 GHz, the first, second, and third order conjugate signals are, respectively, shown around pump and probe waves because of the enhanced FWM interaction in small detuning range. Conversion efficiency defined by the ratio of conjugate signal power to the incident probe power is an important parameter to assess FWM effect [41] and is plotted against the probe detuning in Fig. 3(c) , where the variable trend of CE is same as the power case shown in Fig. 3(b) , and the maximum CE can be close to 0 dB that is higher than most reported cases [42] , [43] . Additionally, while the frequency detuning of probe wave is held a constant, the CE of low order FWM signal is higher than that of higher order signal. Therefore, it is obvious that, in order to increase the CE, the peak power of output conjugate signal should be enhanced at a fixed input probe power. Actually, the output power or conversion efficiency of conjugate signal in semiconductor laser is strongly dependent on the phase mismatch, gain of active region, and initial power of pump-probe wave. While probe wave is shifted towards pump wave leading to the small pump-probe detuning, the phase mismatch is rapidly reduced, resulting in the enhanced CE and conjugate signal peak shown in Fig. 3(b) and (c) [44] . Contrarily, when the pump-probe detuning is too small, e.g. less than ∼5 GHz, both output power and CE of conjugate signal are slightly decayed as a result of mode competition between original signal and new signal, in which the probe wave with high peak gives rise to gentle power suppression of pump wave and generated FWM signals.
To measure the influence of incident probe power on the nearly degenerate FWM process at a fixed probe detuning, the corresponding output spectra, output power, and conversion efficiency are, respectively, plotted in Fig. 4 to Fig. 7 . In Fig. 4 with 12 GHz probe detuning, one can see that various spectra are displayed by respectively selecting different initial probe power of −16 dBm, −8.5 dBm, −3.5 dBm, and 0 dBm. In the case of −16 dBm probe power, three conjugate signals including L 1 , L 2 , and R 1 are only exhibited in Fig. 4(a) . But, as the probe power is increased to −8.5 dBm and −3.5 dBm, at least four or five FWM-signals shown in Fig. 4(b) and (c) are generated owing to the enhanced nonlinear FWM interaction that is the direct result of increased probe power. On the other hand, it is surprising that the generated new frequency signals given in Fig. 4(d) are suppressed at 0 dBm probe power, in which the probe wave will absorb a great deal of free carrier of active region so that the gains of other signals such as pump wave, and FWM-signals are gradually reduced. More detail variations are illustrated in Fig. 5(a) and (b) , where both output power and conversion efficiency are plotted as a function of input probe peak, ranging from −16 dBm to 0 dBm. When probe power is varied from ∼−5 dBm to ∼−2 dBm, both of pump and probe waves have comparable peak level, leading to stronger FWM interaction. Consequently, more new frequency signals are grown. In addition, it should be noted that peak of conjugate signal L 1 is always higher than other new signals with the result that the obtained conversion efficiency for L 1 is remarkably larger than those of other signals. The maximum CE of L 1 is around 0 dB for low input probe peak level under the fixed probe detuning of 12 GHz condition.
While probe wave is shifted to left side of pump mode, namely, probe frequency is smaller than that of pump wave, various spectra are given in Fig. 6(a) -(d) with −21 GHz probe detuning and four input power levels. At −5 dBm input probe power, the exhibited spectrum shown in Fig. 6(a) is similar to the case in Fig. 2(d) so that nonlinear FWM effect cannot be observed because of too low peak power for pump beam. As the probe power is decreased to −11.5 dBm level, the pump power is again recovered to enough high level, resulting in generating new FWM-signals, as illustrated in Fig. 6(b) . Obviously, when probe power is reduced to −16.5 dBm and −19.5 dBm, respectively, the FWM interaction is slowly weakened with the result that FWM-signals also begin to decay till disappearance. As can be seen in Fig. 7(a) and (b) , after the pump beam is fully recovered to enough high power level under the condition of less than −10 dBm probe power, FWM-signals are generated resulting from beat effect between pump and probe waves. However, it is obvious that, as the probe power is further decayed, resulting in the enlarged power difference of both output pump and probe waves, it is believed that the output power of conjugate signal is gradually reduced till completely disappearance. Based on above discussion, one can conclude that, in the cases of dominant mode as pump wave, and determined bias current and operating temperature for laser, spectral characteristics of nonlinear FWM process such as output power and conversion efficiency are strongly related to probe power and detuning. Now, let us focus on the case of arbitrarily residual side mode as pump wave, as shown in Fig. 8 , in which, based on the outcome spectrum, it can be seen that newly generated signals around the injected wave B and side mode A with enhanced power, owing to nearly degenerate FWM interaction, and the fundamental order signal is shifted from the pump or probe wave by beat frequency of 13 GHz. In Fig. 8 , another interesting phenomenon should be noted that other lasing resonance modes also produce new signals around them, in which these newly generated signals should be the direct result of diffractions of lasing modes by the moving grating induced by pump-probe wave. As such, the frequency spacing of the fundamental order conjugate signal and the corresponding lasing mode is still equal to beat frequency of pump-probe wave. Except for the case of pump-probe beam, the power of other new signals generated by the diffraction of dominant mode and other side mode are strongly dependent on their peak level, i.e., high power is easily to induce generation of new conjugate signals under the effective beating of pump-probe beam condition. Therefore, the dominant mode with higher power than other side mode produces more new frequency signals whose peaks are obviously stronger than those of the corresponding signals around other side modes.
Under the side mode as pump wave the condition, the dependences of characteristics of dominant mode and FWM-spectrum on pump-probe detuning and input probe power are depicted in Fig. 9 , where other parameters are same as those in Fig. 8 , and the outcome spectra of dominant mode shown in Fig. 9(a 1 )-(a 4 ) are, respectively, displayed as the reduced pump-probe detuning obtained by shifting the probe frequency towards the pump wave. In Fig. 9 (b 1 ) with 14 GHz pump-probe detuning, effective FWM cannot be observed due to low pump power so that the dominant mode still takes on single peak. The pump power is significantly enhanced as the detuning is decreased to 13 GHz shown in Fig. 9(b 2 ) , in which obvious conjugate signals are generated. At present, one can surprisingly find that new conjugate signals are grown around the dominant mode. However, in the cases of both 9 GHz and 6 GHz pump-probe detunings illustrated in Fig. 9(b 3 ) and (b 4 ), the power of pump wave, A, is increased as a result of interaction of pump-probe beam. In active gain region, a great deal of free carrier is depleted by the pump-probe wave so that the dominant mode is strongly suppressed shown in Fig. 9(a 3 ) and (a 4 ) , in which, without enough high power for dominant mode, it is difficult to generate notable conjugate signals. Additionally, in Fig. 9(b 4 ) , it is difficult to distinguish newly generated FWM-signals resulting from combined limitations of linewidth for pump-probe wave and OSA resolution. Here, by increasing the probe power, dramatic FWM signals around the pump-probe mode are again occurred, which are, respectively, plotted in Fig. 10(b 2 ) -(b 4 ) with probe powers of −6 dBm, −4 dBm, and −2 dBm. This behavior can be explained that, as the probe power is increased from −6 dBm to −2 dBm, the pump-probe detuning of outcome spectrum is slightly extended attributed to their nonlinear interaction, and is, respectively, increased to ∼8.0 GHz, ∼9.7 GHz, and ∼10.1 GHz. As a result, the newly generated conjugate signals are easily observed in the case of an extended pump-probe detuning displayed in Fig. 10 . In addition, the corresponding dominant modes shown in Fig. 10(a 1 )-(a 4 ) are always suppressed due to high probe power that causes the laser to lock at pump-probe wavelength with the result that one cannot achieve obvious conjugate signals around the dominant mode.
To compare with the case of Fig. 3 , the evolutions such as optical spectrum, output power, and conversion efficiency against the probe detuning are, respectively, displayed in Fig. 11 , in which one side mode is selected as pump wave, and the incident probe power is −4.6 dBm that is identical to that in Fig. 3. From Fig. 11(a) , it is clearly shown that, as the probe frequency detuning is changed from ∼−30 GHz to ∼25 GHz, the outcome spectrum shows some variously optical properties, compared to those of Fig. 3 . Nonlinear FWM process is only occurred in the range of about 0 ∼ 20 GHz probe detuning, namely, as the probe wave is shifted to outside the corresponding detuning region, new conjugate signals cannot be observed. Furthermore, in order to ensure effective FWM interaction, the tunable range of probe detuning illustrated in Fig. 11(a) is remarkably narrower than that in Fig. 3 . This behavior can be explained that, after injected probe wave with enough high power is far from the selected side mode, they have no overlap each other in spacing region so that the power of side mode cannot be enhanced by the probe wave, resulting in very low pump power that cannot create effective FWM process. Both output power and conversion efficiency shown in Fig. 11 (b) and (c) have similar variation trends to those of Fig. 3(b) and (c), and they have similarly physical mechanisms to induce the behaviors. Here, other noticeable issue is that only positive frequency detuning for probe wave, i.e., injected frequency needs little higher than the referred side mode, may achieve nearly degenerate FWM process attributed to the case that side mode in free-running spectrum has no enough high power level. According to above analysis, one can conclude that, under the condition of injected wave with enough high power level, nearly degenerate FWM interaction can be obtained by judiciously adjusting power and frequency of probe wave while dominant mode or side mode is, respectively, selected as pump wave.
Conclusion
In this work, nearly degenerate FWM processes are demonstrated and discussed in SMFP-LD subject to single beam optical injection. In investigation, the dominant mode or residual side mode of free-running spectrum is, respectively, selected as pump wave, and the external injection beam is called as probe wave. Therefore, based on the classical pump-probe structure, nearly degenerate FWM phenomena are exhibited and analyzed with variable probe power, and probe detuning, ranging from −50 GHz to 50 GHz. Higher order conjugate signals resulting from cascade FWM processes are also observed in very small pump-probe detuning. While probe wave is shifted from right to left side of dominant mode, FWM phenomenon can be easily attained by judiciously changing the power and frequency detuning of probe wave. However, in order to produce effective nearly degenerate FWM, the probe wave must be located on high frequency side of side mode as the pump wave because power of the corresponding side mode is too low. Some new signals around other lasing resonance modes with enough high power are also observed. These results in this study will have very outstanding applications in the aspects of optical sensor, low frequency microwave and millimeter wave generation, and so on, which will further be researched in future work.
